Passive transfer of high-titered antiviral neutralizing IgG, known to confer sterilizing immunity in pig-tailed monkeys, has been used to determine how soon after virus exposure neutralizing antibodies (NAbs) must be present to block a simian immunodeficiency virus (SIV)͞HIV chimeric virus infection. Sterilizing protection was achieved in three of four macaques receiving neutralizing IgG 6 h after intravenous SIV͞HIV chimeric virus inoculation as monitored by PCR analyses of and attempted virus isolations from plasma, peripheral blood mononuclear cell, and lymph node specimens. In the fourth animal, the production of progeny virus was suppressed for >4 weeks. A delay in transferring NAbs until 24 h after virus challenge resulted in infection in two of two monkeys. These results suggest that even if a vaccine capable of eliciting broadly reactive NAbs against primary HIV-1 were at hand, the Abs generated must remain at, or rapidly achieve, high levels within a relatively short period after exposure to virus to prevent the establishment of a primate lentivirus infection.
P
revious studies have shown that passively transferred neutralizing antibodies (NAbs), when present at sufficient titers before virus challenge, can confer sterilizing immunity to macaque monkeys against simian immunodeficiency virus (SIV)͞ HIV chimeric virus (SHIV) infections (1) (2) (3) (4) (5) . The principal targets of such Abs are the heavily glycosylated and genetically heterogeneous trimeric envelope spikes on the surface of virus particles. A major focus of current HIV-1 vaccine research has been a search for immunogens capable of generating broadly reacting NAbs against primary viral isolates of diverse geographic origin. An equally important but often overlooked issue pertaining to the development of an effective HIV-1 vaccine is the maintenance of sufficiently high levels of virus neutralizing activity to suppress the establishment of infection if and when virus is subsequently encountered. In this study, a critical parameter relating to this second issue, the time interval during which neutralizing Abs must appear in a hypothetical vaccine to prevent infection, has been examined by transferring potent anti-HIV-1 NAbs to macaque monkeys at various times after SHIV inoculation.
Materials and Methods
Virus and Animals. The origin and preparation of the tissue culture-derived SHIV DH12 stock has been described (6) . Pigtailed macaques (Macaca nemestrina) were maintained in accordance with the Guide for the Care and Use of Laboratory Animals (7) and were housed in a biosafety level 2 facility; biosafety level 3 practices were followed. Phlebotomies and virus inoculations [75 tissue culture 50% infective dose (TCID 50 ) of SHIV DH12 i.v.] were performed as described (5) . EDTA-treated blood specimens and acid citrate-dextrose-A-treated samples of blood were used for the preparations of plasma and peripheral blood mononuclear cell (PBMC), respectively.
Antibodies. The purification of Ig fractions from HIV-1-infected or naïve chimpanzees has been reported (8) . The purified neutralizing IgGs were administered i.v. (150 mg͞kg) at 6 or 24 h after SHIV DH12 challenge.
Virus Neutralization Assay. Neutralizing activities in the plasma of passively immunized monkeys were determined in an assay that measures 100% neutralization against known amounts of virus as described (5, 9) . Individual plasma samples were serially diluted (2-or 3-fold, starting at a dilution of 1:4 or 1:6) by using pre-passive immunization plasma from each of the pig-tailed macaques as diluent. A 30-l aliquot of each plasma dilution was incubated with 30 l of the SHIV DH12 challenge stock (1.5 ϫ 10 4 TCID 50 ͞ml) at room temperature for 1 h, and the mixture was then used to infect MT-4 cells (10) in quadruplicate. MT-4 cells (5 ϫ 10 4 in 0.25 ml) were then incubated with 10 l of the virus͞plasma mixture, which contained 75 TCID 50 of SHIV DH12 . Infected cultures were maintained for 2 weeks, and virus replication was monitored by 32 P reverse transcriptase (RT) assays (11) . Any infectious SHIV DH12 generated during the 2 weeks of incubation in MT-4 cells would be amplified to levels detectable by the assay. Neutralization antibody titers were calculated by the method of Reed and Muench (12) .
Quantitation of Proviral DNA Copies and Plasma Viral RNA Levels. The number of proviral DNA copies in PBMCs and lymph node cells was measured by quantitative DNA PCR as described (6) . Plasma viral RNA levels were determined by real-time PCR (ABI Prism 7700 sequence detection system, Perkin-Elmer), employing gag primers and probes as reported (13) .
Virus Isolation from Lymph Nodes and PBMCs of Passively Immunized
Macaques. Inguinal lymph node samples were collected at weeks 10 or 32 postchallenge. Suspensions of Ͼ5 ϫ 10 5 lymph node cells were cocultivated with MT-4 cells in RPMI medium 1640 supplemented with 10% heat-inactivated FBS (HyClone). Virus production was monitored by RT assay during 4 weeks of culture. PBMC samples (2 ϫ 10 6 cells) collected at weeks 3 and 6 were cocultivated with naïve pig-tailed monkey PBMCs and virus production was monitored by RT assay during 4 weeks of culture. The resulting virus stocks were titered in MT-4 cells before their use in neutralization assays.
Results

Passive Transfer of Neutralizing IgG to Pig-Tailed Macaques at Various
Times After SHIV DH12 Challenge. We previously reported that passively transferred high-titered neutralizing IgG, purified from chimpanzee 4750, chronically infected with the primary HIV-1 isolate, HIV DH12 , can confer sterilizing protection against SHIV DH12 , if present at sufficient levels before virus challenge (3) . In that study, the titers of plasma neutralizing antibody in different monkeys at the time of virus inoculation ranged from 1:3 to 1:123; these levels were found to be inversely related to the establishment of a subsequent infection after a SHIV challenge. The protective neutralization titer in the plasma needed to prevent infection of 99% of animals inoculated with 75 TCID 50 of virus was calculated to be 1:38.
Based on our previous experience with neutralizing IgG from chimpanzee 4750, amounts (150 mg͞kg) of IgG calculated to achieve plasma titers Ն1:38 within 24 h after administration were transferred to pig-tailed macaques. As control, two monkeys (PT98P033 and PT98P056) were recipients of IgG from HIV-1-uninfected chimpanzees. Both of these animals became viremic during the first week after SHIV inoculation, as monitored by RT and DNA PCR of plasma and PBMC lysates, respectively (Fig. 1 Left) .
In the first postexposure͞passive transfer experiment, two monkeys (99P024 and 99P038) received neutralizing IgG 24 h after i.v. challenge (75 TCID 50 ) of SHIV DH12 . As shown in Fig.  1 Center, progeny virus production was undetectable in both animals until week 5 postinoculation, at which point plasma viremia and PBMC-associated SHIV DNA became measurable. Infectious virus was first recovered from these two monkeys by cocultivation of their PBMCs at week 6 but not at week 3 postinoculation (Table 1) . Peak plasma viremia was delayed until weeks 6 to 7 in both animals and was considerably lower than that measured in control macaques PT98P033 and PT98P056. Fur- Because passive immunoprophylaxis at 24 h had failed to prevent the establishment of the SHIV DH12 infection, four additional monkeys were treated 6 h after virus challenge with the same amount of neutralizing IgG. In contrast to the first experiment, transfer of the neutralizing IgG at 6 h postinoculation conferred durable sterilizing protection in three of the four SHIV-challenged macaques ( Fig. 1 Right and Table 1 ). The production of progeny virus was suppressed for more than 4 weeks in the fourth animal. RT and DNA PCR analyses and attempted virus isolations from lymph node samples, collected from the three protected animals at week 10 or 32 postinfection, revealed no evidence of SHIV infection. These three animals remain virus-free 50 weeks after virus challenge. The Decay Properties of Passively Transferred Neutralizing IgG. As noted above, each monkey received an amount of IgG (150 mg͞kg) calculated to achieve a plasma neutralization titer of 1:38, which would be sufficient to protect Ͼ99% of animals i.v. inoculated with 75 TCID 50 of SHIV DH12 if present before virus infection (3). Despite its systemic dissemination into diverse body compartments, we previously reported that the concentrations of passively transferred IgG actually present in the plasma closely approximates that calculated on the basis of animal weight for this compartment (3). Nonetheless, anti-SHIV neutralization assays were performed on plasma samples collected at various times from the six IgG recipients to verify that the expected levels of activity were, in fact, present and to monitor the decay of the transferred IgG in vivo. As shown in Fig. 2 , the titers of NAb at week 1 postchallenge were 1:24 to 1:39 in the plasma of the six macaques and, based on their decay rates, were well within the range needed to prevent the establishment of a virus infection at the time of SHIV inoculation 6 days earlier.
Over the first 5 weeks, the plasma neutralization titers appeared to decay at similar rates in all six animals with a half-life of Ϸ2-3 weeks. During this period, the levels of NAbs in the infected versus protected monkeys were not discernibly different. The sudden appearance of high titers of plasma neutralizing activity at weeks 7 and 9 in monkeys PT99P027 and PT99P024, respec- Table 2 , the sensitivities of the recovered SHIVs were not appreciably different from one another or from the original SHIV DH12 used for the challenge. We therefore conclude that the virus recovered from breakthrough animals was not neutralization-resistant and most likely arose as a result of declining titers of NAbs in vivo.
Discussion
Two properties of effective prophylactic antiviral vaccines are now widely accepted: (i) they confer protection against the development of subsequent disease but rarely against infection; and (ii) they elicit the production of NAbs that remain at high levels for long periods of time. For many viral pathogens, acute infections or vaccination can induce levels of NAbs that are maintained for several years (e.g., polio, vaccinia, and measles) (14) . This would require long-lived memory B lymphocytes and͞or plasma cells. A variety of mechanisms have been proposed to explain the durability of both cell types, including the continuous reexposure to antigen, low-grade chronic infection, booster immunizations, and trapping of antigen͞Ab complexes in follicular dendritic cells (15) (16) (17) . Some effective vaccines elicit NAbs that are shorter-lived. In these cases, the titers of neutralizing activity increase markedly after exposure to cognate viral antigens. For example, in mice 300 days post-VSV vaccination, neutralizing Abs become detectable within 4 days after exposure to virus or antigen (15, 18) . In vaccinated humans, NAbs to hepatitis B virus appear within 1-4 weeks of infection (19) . In both cases, the delay in Ab recall fails to prevent infection. Nonetheless, subsequent virus-induced disease is effectively aborted. Knowledge about the natural history of HIV-1 infections accrued over the past two decades clearly indicates that with the exception of a few long-term nonprogressors, virtually all untreated infected individuals will eventually develop immunodeficiency (20) . Thus, an effective prophylactic vaccine against HIV-1 must prevent the establishment of infection; a delayed immune response that merely modulates the primary infection will likely fail to protect an exposed individual against disease. When extrapolated to the development of such a vaccine, the results obtained in the present study indicate that the titers of neutralizing Abs elicited by an effective HIV-1 vaccine must be at protective levels within 6-24 h after exposure to virus. It has been argued that a partially effective prophylactic HIV-1 vaccine that lowers plasma viremia in an exposed individual might reduce the rate of virus transmission and, therefore, have a substantial impact on the ongoing AIDS epidemic (21) . Thus, even though the two monkeys passively immunized with the neutralizing IgG 24 h after virus inoculation eventually became infected, their lower levels of postpeak viremia compared with that of control monkeys could translate into lower rates of virus transmission in endemic regions of the world.
A growing body of information is now available pertaining to humoral responses associated with HIV-1 infections and vaccination. HIV-1-infected persons continuously produce virusspecific Abs, detectable by ELISA or immunoblotting, throughout most of their clinical course. These Abs are useful for identifying infected individuals. The levels of autologous NAbs in HIV-1-infected persons, on the other hand, tend to be low and variable and are directed against antecedent rather than contemporary intrapatient viruses (22) (23) (24) (25) . These HIV-1 NAbs are limited in breadth, failing to suppress virus recovered from other infected persons (26) . In a large fraction of patients, the autologous NAbs neither increase in titer nor suppress virus recovered from other infected persons.
The maintenance of high levels of even autologous anti-HIV-1 and primate lentiviral NAbs by vaccination has been more challenging. In a large clinical trial involving individuals vaccinated with recombinant HIV-1 MN or HIV-1 SF-2 glycoprotein Mr120 (gp120), the binding (ELISA) and NAbs elicited after several protein immunizations rapidly declined during the 6-month periods between individual protein boosts (27) . In the SIV͞SHIV systems, vaccinations of macaques with oligomeric gp140 (28) , recombinant MVA (29), DNA (30), or recombinant vaccinia priming plus gp120 boosting (31) elicited virus-specific Abs with half-lives of only 2-4 weeks. This is similar to the decay of virus neutralizing activity observed in the present study after passive transfer of IgG to pig-tailed macaques (Fig. 2) . Furthermore, in studies of anamnestic humoral responses induced in macaques previously vaccinated with SIV or SHIV immunogens, several groups have reported that NAbs do not become detectable for 2-3 weeks after virus challenge (30, (32) (33) (34) . As a consequence, infections were established in virtually all immunized animals in several recently reported vaccine studies involving SHIVs (32-37). Sterilizing protection was only observed in a few vaccinated monkeys with high levels of strain-specific NAbs, directed against the challenge virus, at the time of infection (31) .
The results obtained in this study are not unlike that reported for hu-PBL-SCID mice that received IgG1b12 mAb i.p. at different times after i.p. challenge with HIV-1 (38) . When examined at only a single time postchallenge (3 weeks), none of the mice receiving the neutralizing mAb up to 6 h after virus challenge exhibited evidence of infection. In this regard, it is worth noting that in the SHIV͞macaque system described, the three monkeys that eventually became infected after postchallenge immunoprophylaxis were also virus-negative at week 3 ( Fig. 1) . In the hu-PBL-SCID system, engrafted human PBMCs are the only targets for HIV-1; no spreading infection to mouse cells occurs (39) . Based on the experimental design described, the postexposure IgG1b12 mAb-mediated virus neutralization reported most likely occurs within the confines of the peritoneal cavity. It is therefore somewhat difficult to extrapolate results obtained from these mice to the SHIV͞macaque model, in which an i.v. administered virus inoculum becomes systemically disseminated to multiple organs͞body compartments for 6 h before the administration of the neutralizing IgG. In another postexposure immunoprophylaxis experiment involving the transfer of neutralizing Abs to non-human primates, a mixture of four neutralizing mAbs was administered to newborn rhesus monkeys at both 1 h and 8 days after an oral SHIV 89.6P challenge (40) . SHIV infection was blocked in two of four challenged͞treated animals. The inability to achieve sterilizing protection after passive transfer at 1 h postchallenge in that study suggests that insufficient types͞amounts of neutralizing Abs were administered. In our study, polyclonal NAbs administered 6 h after virus challenge blocked the establishment of infection in three of four challenged macaques. The failure to protect the fourth monkey (PT99P027) suggests that the level of NAbs achieved by passive transfer was near the threshold of protection.
The administration of NAbs effectively and durably eliminated infectious virus systemically in the three animals in which passive transfer of IgG at 6 h postchallenge conferred sterilizing protection. In monkeys experiencing breakthrough infections, progeny virions did not become detectable until week 5 postinoculation. This is in marked contrast to naïve pig-tailed macaques in which plasma viremia becomes measurable within the first week of infection (Fig. 1) . The delayed appearance of breakthrough virus in three of the IgG recipients suggested that virus production was suppressed but not completely blocked in these animals during the first 4 weeks of infection. This was consistent with the presence of plasma NAb titers ranging from 1:8 to 1:15 in the six passively immunized animals at week 3 postchallenge (Fig. 2) . By week 5, however, the levels of anti-SHIV NAbs had declined even further. Between weeks 4 and 5, the levels of breakthrough SHIV production very likely exceeded the neutralization threshold for containment, and virus was able to disseminate systemically. When considered together with the finding that sterilizing protection was only achieved in monkeys receiving neutralizing IgG at 6 h and not 24 h postchallenge, these results suggest that NAbs mediate the complete control of SHIV infections in vivo at the time of or during the initial cycle of virus replication.
It is also not clear why the 75 TCID 50 SHIV inoculum still remained sensitive to NAb 6 h postinfection. It is possible that a few cells did become infected within this period but were eliminated by antibody-dependent cellular cytotoxicity and͞or complement-dependent cytotoxicity, as has been reported for the anti-HIV-1 human neutralizing mAbs b12 and 2G12 (41, 42) . Alternatively, some of the virus that is rapidly cleared from the circulation (43, 44) may be sequestered at sites where it remains susceptible to NAbs [e.g., in association with dendritic cells (DCs) or endothelial cells] (45) (46) (47) (48) . At later times (Ͼ6 h postinoculation), the transfer of captured virions from DCs to CD4 ϩ T cells in lymphoid tissues very likely initiates productive infection, thereby rendering the particles refractory to passively transferred NAbs.
In the experiments described in the current study, the sterilizing protection that was achieved at 6 h but not 24 h postinoculation occurred in the absence of any prechallenge cellmediated immunity. One could argue, therefore, that the presence of antiviral cellular immunity in a hypothetical vaccine might extend the 6-to 24-h time frame for preventing the establishment of infection by NAbs. However, several recent reports indicate that vaccine-primed anamnestic cellular͞ cytotoxic T lymphocyte responses against SIV or SHIV challenges are rarely demonstrable within the first week of infection (32, 37, (49) (50) (51) . A delay of this magnitude makes it highly unlikely that secondary cellular immune responses, in combination with NAbs induced by prior vaccination, would significantly prolong the 6-h period during which NAbs alone confer sterilizing protection. Moreover, a recent report shows that when DNA vaccination is combined with the passive transfer of neutralizing mAbs, the cellular immunity induced did not increase the number of animals experiencing sterilizing protection (52) .
It is also worth mentioning that postexposure immunoprophylaxis using broadly acting neutralizing mAbs might be useful as adjunct therapy to prevent the maternal-child transmission of HIV-1. Antiretroviral drugs must be given daily to breast fed infants for optimal protective effects. From the results shown, it is possible that the administration of neutralizing mAbs at the time of birth and monthly during the neonatal period, in combination with antiretroviral therapies, might provide sterilizing protection.
A major goal of current HIV-1 vaccine research has been the development of immunogens capable of inducing broadly reactive NAbs. More recently, this effort has focused on highly conserved epitopes associated with oligomeric forms of HIV-1 envelope glycoproteins (53) (54) (55) (56) . Even if an immunogen capable of inducing broadly reactive NAbs were at hand, available and safe vehicles for its delivery would probably not elicit a rapid and durable humoral response. In the simplest systems, activation of memory B cells and secretion of IgG after immunization with inert antigens takes at least 18-72 h (57) (58) (59) . It is therefore highly unlikely that vaccine approaches currently in use would generate protective levels of NAbs within 6-24 h of exposure to HIV-1. An effective anti-HIV-1 vaccine may require the development of safe replicating or inducible vectors capable of expressing immunogens that will elicit high and sustained levels of broadly reactive NAbs.
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